The relative difference (Ab/b) between the internal electromigration mobilities of 6Li and 7Li in molten LiN 03 has been measured over the range 313° to 488 °C. The mass effect, /u={Ab/b) / (Am/m), is found to be -/* = 0.0845 + (0.00002 ±0.00002) (f-300)
The relative difference (Ab/b) between the internal electromigration mobilities of 6Li and 7Li in molten LiN 03 has been measured over the range 313° to 488 °C. The mass effect, /u={Ab/b) / (Am/m), is found to be -/* = 0.0845 + (0.00002 ±0.00002) (f-300)
where t is the temperature in °C and the quoted error is the standard deviation. There is thus in this case no significant influence of the temperature upon the mass effect. Some previous investiga tions of molten LiN 03 gave smaller values for the mass effect. The reasons for these apparent dis crepancies are discussed. A slight, but significant, anomalous enrichment of the light isotope is ob tained in the middle of the cell, as has been previously observed in experiments with K N 03 . The mass effects have now been measured for all five alkali ions in the pure molten nitrates. For a corresponding temperature chosen 5% above the melting point none of the experimental values differ more than 14% from the relation /u+ =-0.0848 (1 + IW + /46)-1.
The obtained relations are interpreted in terms of cooperative motion of the ions in a molten salt.
The isotope effect for electromigration of lithium ions in molten lithium nitrate was first detected by
H o o v e r and H o l l o w a y
who, however, made no attempt to determine the relative difference between the mobilities of the two cations (Ab/b). This was done by L u n d e n , M o n s e and Sjöberg 2, who had to rely upon a insensitive method for determining isotope abundances, and as soon as a suitable mass spectrometer became available in our laboratory we found that the mass effect, /< = (Ab/b) (Am/m), where m is the ionic mass, we had reported was too low 3i 4. The isotope effect of electromigration has also been studied in several other laboratories, both in pure L iN 0 3 5-8 and in mixtures with other ni trates 9. A related technique, zone electrophoresis, has been used to study the isotope effect for traces of L iN 03 in other nitrate mixtures 10. However, this latter method is based on another reference frame than ours for the ion mobilities 3. Partly due to some discrepancies between different investigations, partly for the need to study the influence of temperature we have performed a number of experiments in ad dition to those reported previously 2.
Experim ental
Electromigration experiments are performed in mol ten LiNOs with a platinum anode and a stainless steel cathode through which a mixture of N 02 and 0 2 bub bles into the melt2. The two electrode compartments are separated by a packed column of 20 cm length. For temperature measurements thermocouples are fit ted onto the cells at three positions n . In the chemical analysis we searched for nitrite, oxide, sodium and potassium, since it was possible that the first two im purities could be produced by thermal decomposition, and that alkali ions could be exchanged between the melt and glass. (The cells were made of Supremax glass.) As expected, the nitrite content was found to increase with increasing temperature, and it reached about 12% for exp. No. 8 . (The second highest concen tration was found for No. 11 .) It is reasonable to as sume that the nitrate-nitrite equilibrium does not affect the isotope effect for the lithium ions, cf. our investiga tion of K N 03 -K N 02 mixtures11. For most experi ments no oxide was detectable. The amount of potas sium was always negligible, while for three of the ex periments (Nos. 5 -7) the concentrations of sodium were so high in some samples that an uncertainty of more than one per cent is introduced regarding the cal culated mass effect. Problems concerning impurity cat- Exp ions affecting the evaluation of mass effects have been discussed elsewhere n .
For each experiment at least two independent series of mass analyses were made. By reversing from one series to another the order in which the samples were analysed, it was possible to prove that our mass spec trometer measurements were not influenced by memory effects. Mass effect calculations were made separately for each series11. The results are given in Table 1 .
Due to the use of an insensitive method for measur ing isotope abundances it was necessary to let our first experiments 2 last for several days. Most of the experi ments reported now lasted about a day, but some were deliberately much shorter.
Evidence for Anomalies in the Isotope D istribution
The experiment is designed for giving an enrich ment of the heavy isotope in the small anode com partment and the upper part of the separation tube. For reasons discussed previously12, the highest en richment of 7Li is not found in the sample from the anode compartment but in a sample from the top of the separation tube. For this sample (denoted by subscript a) the separation factor Q = R 0/R S L is cal culated, where R is the isotope abundance ratio (7Li/6L i), and the reference is a sample of the ini tial salt (subscript 0). We have recently reported from a study of electromigration in molten potas sium nitrate using the same type of cell that there was a slight but significant enrichment of the light isotope in the low part of the separation tube which opens into the large cathode compartment. In order to see if a similar enrichment occurs in the present experiments the mean value of abundance ratios measured for all the samples below the zone with an enrichment of "Li, Rc , is compared with the initial salt's R 0 . As seen in Table 1 , ^C> 1 for all experi ments, i. e. there is a slight enrichment of 6Li in the low part of the separation tube. The zone with this enrichment covered two to seven samples, depending on the duration and on how the separation tube was divided into samples. If we go into detail and con sider the separation factors for individual samples, Q i, we find the following: A. For the experiments with a duration of about 24 hours (no 3 -6 and 8 considered13) we find that every single Q[ ( a total of 36 measurements considered) is larger than unity. Numerically, the Qi of experiment 8 are smaller than the others. Since this experiment also gives a significantly lower enrichment of 7Li than the other experiments, it seems obvious, that some disturbance occurred dur ing this experiment. No 8 was therefore omitted from the calculations. For runs 3 -6 the average values for the lowest part of the tube (sample c l) , the next lowest sample (c2) and the one above that (c3) become:
12 See e. g. V. L ju b im o v and A. L u n d e n , Z. Naturforsdi. 21 a, 1592 [1966] . 13 Contrary to the cells used for runs 2 -11 the cell used for run 1 had an U-shaped separation tube 14. For run 7 it was found that the enrichment of 7Li extended through nearly the whole column, i. e. much farther than in the other ex periments. For these reasons runs 1 and 7 will be excluded from this part of the discussion. 14 A. 
B.
For the experiments with a duration of 6 -12 hours (No. 2 and 9 -11) 0 j > l was obtained in 41 cases of 51, and the individual Q \ were smaller for these short runs than for those of about 24-hour duration.
The general conclusion is that a slight enrichment of the light isotope is built up in the low part of the separation tube simultaneously to the " ordinary" enrichment of the heavy isotope in the upper part. The cause of the enrichment of the light isotope will be considered elsewhere 15. This phenomenon is of importance for the calculation of the mass effect n . The selected "best value" for each series of mass analysis, see Table 1 , is in most cases based only on the initial salt and the cathode compartment (these two samples were in good agreement regarding R ), although it was in some cases preferable to include also other samples in the reference. E. g. for runs 4 -6 extreme choices of reference would give 5 to 11% higher values for the mass effect. Experiment 3 turned out to be much more sensitive than the others to the choice of reference 16 and, depending on how this is done, «-values are obtained, which range from 80 -110% of the selected best value quoted in Table 1 .
Temperature Dependence of the Mass Effect
The 11 experiments summarized in Table 1 cover the temperature range 313 -488 C. During the analysis of experiment 2 a small sample was spoiled and could not be considered in the evaluation; the obtained //-value is thus expected to be slightly low. Two experiments (8 and 9) give //-values that fall far below those obtained for the other experiments; this is a strong indication that some disturbance has occurred. There are thus three experiments which should not be considered in an attempt to establish how the mass effect depends on temperature. Of the remaining 8 experiments four ones (4 -7) are of nearly the same duration and they are given twice the weight as those for which either the temperature measurement was less accurate (1 and 3) or the duration was short (10 and 11). By considering two values for for each of the eight experiments we computed the linear relationship -ju = (0.0860 ±0.0012)
for 313 ^ t 5^488 °C. The errors are standard de viations.
According to O k a d a 's measurements the tempera ture relation is instead
for 265 5^ t ^ 460 °C. The cause of the deviation between Okada's results and ours will be discussed below. Also A r n i k a r 's study of the separation of 6Li and 'Li in a mixture of NaN 03 -K N 03 gave a pro nounced decrease of //y with increasing tempera ture 17.
Comparison with Other Investigations on L iN 0 3
In Table 2 data for our present investigations are compared with previous work 2' 6' 8. Our old experi ments can be omitted from the discussion, since the accuracy of the isotope abundance measurements was low. There is a significant difference between our present results and those of VALLET et al. and
There is however also a difference regarding the parameter L t~i/s, which is about 4 for our ex periments but does not exceed 2 for the others. This parameter is considered since the range of enrich ment in a separation column is expected to depend on the duration (r) and the effective coefficient of diffusion (Z)eff) according to the relation 18
The estimation of :rmax depends with necessity on the accuracy of the isotope abundance measure ments. As seen from that it might be necessary to search for another ex planation of the observed deviation20. A further difficulty when discussing possible causes of devia tions between measurements in different laborato ries, is that the non-ideal behaviour observed for our columns, see above, need not be of the same importance for all types of cells. A general argu ment when evaluating experiments for studying mo bility differences is that high values are more likely to be correct than low ones, since all disturbances during the experiment tend to reduce the obtained changes in distribution and thus to give low values for the mass effect. The result can become too high only due to errors in the (chemical or mass spectrometrical) analysis or to an incorrect interpretation (e. g. the choice of "normal composition" ) .
Comparison with Other Salts
The mass effect of the lithium ion has so far been determined in two solid and four molten salts, see Table 3 . It is well known from experiments with halides that ,u+ decreases when the cation-anion mass ratio (m + /m _) increases. A semiempirical relation has been developed, which now exists in a couple of modifications regarding the values of the two numerical coefficients21. For our purpose it is suffiof lithium ions should increase with increasing tempera ture, i. e. the obtained temperature coefficient of the mass effect would become too low. It is however doubtful wheth er the whole discrepancy between the two sets of measure ments can be explained in this way. 21 A. J o r d a n and A. K le m m , Z. Naturforsch 
As seen from 
This equation corresponds to a reference tempera ture 5% above the melting point, and it is based on the mass effects of L iN 0 3 , K N 0 3 and R bN 03 , see Table 3 , to which the weights 3, 3 and 1 were as signed; the average of our and Okada's value for wa § chosen. For none of the five alkali nitrates does the derivation from Eq. (5) exceed 14%, pro vided that of the two experiments with N aN03 the one with the longest separation tube as well as the shortest duration is considered more reliable than the other one, i.e . that jli+ =0.051 is chosen for this salt23. Whichever combination of data is chosen when computing a relation between //■ + and m+ for nitrates, /<exp always becomes larger than //caic for L iN 0 3 and this is the case also for T1N03 , for which /.t+= -0.035, according to Sa i t o and O k a d a 24. (Our computations are based on the alkali nitrates, but the relations are tested also on T1N03 .) As an alternative it is tempting to try to correlate the mass effect with the radius ( r +) or the volume (V +) of the cation, see Fig. 2 
and -y u+ = 1/(9.91 + 1.51 V +).
For the halides K l e m m has found that the correla tion with (r + /r_) appears to be stronger than with (m + /m _ ), loc. cit. 26 . This seems to be the case also for the nitrates. It might be of interest to notice that juLl fits better with the Eq. (6) -(8) -the devia tion being 9%, \% and 0.4%, respectively -than writh Eq. (5) and the other correlations with m + that we have tried. The value of this observation is however limited by the fact that there is consider able disagreement in the literature regarding ionic radii.
Discussion
Ion motion in a condensed phase involves inter action between a number of particles. K l e m m has proposed several models, which differ in details (1. c .19, 21' 26, 2') but which all make it plausible to 
and a corresponding relation for anion migration. The factor A is -1/2 (and M + = m + , M _ = m _) for an ionic gas 21, while its numerical value is less in a condensed phase where both spontaneous and induced jumps can occur. The number of the first type of jumps depends on the vibrating frequencies i. e. on the mass of the jumping entity (M + ) and the counter-vibrating mass (Af_). Simplifying the picture, M+ is proportional to the cation mass m + , and M_ to the anion mass m _. These proportio nality constants can hardly be determined by elec tromigration experiments, but one should be able to obtain the ratio between them. Hence, Eq. (9) might be replaced by
If it is assumed that the factors A and B are the same within a series of salts, such as the alkali ni trates, equations like (4) and (5) can be obtained. However, we know that this involves rough approxi mations. The mass effects often depend on tempera ture as well as on the composition of a mixture 19, 28. Thus, if e. g. the mass effect increases with increas ing temperature, this corresponds to an increase in A or in B. If A grows this means that a larger frac tion of the total number of jumps are spontaneous, while a rise of B is caused either by a decoupling of cations (M+/m+ decreases) or an increased coupling of anions (M _/m _ increases). Table 4 summarizes the information available up to now on the temperature dependence of mass effects (/.<), including eigen-mass effects ([*+). The latter is determined by comparing the elec trical conductivities of isotopically pure species; u° = (Ax/x) / (Am /m ). So far such measurements have been done only for three lithium compounds (1. c. 27, 29) . Table 4 also gives the temperature de pendence of (D/T A ), where D is the self-diffusion coefficient, T the absolute temperature and A the equivalent conductivity. The standard deviation is quoted whenever possible 30.
do not seem to vary much in the system KNOs -RbNOa; A. As a principle the numerical values presented by the original authors are always used for ju, ju° and D (and their standard deviations when given) also in those cases where our own least squares analysis based on the published data give deviating values. In those cases where there exists more than one investigation, only the most recent one is considered here. Most of the equivalent conductivites of interest have been measured several times, and for the molten salts the values for d ln A/d ln T selected in a recent compilation have been used here 36 .
The accuracy of conductivity measurements is gen erally considered as better than for diffusion experi ments. When estimating the standard deviation (s) of D/T A we have for simplicity assumed that sa = 0.2 so in all cases but one. (For RbCl we have instead assum ed that sj is equal to the average of the published standard deviations of D+ and D~.) It is however to be remembered that the standard deviations obtained by means of a least squares analysis only account for random errors, and that in all measurements consider ed here significant contributions from systematic er rors might exist. Nor is account taken of the subjective factor that is introduced, when the experimental data are weighed before the least squares analysis37. Fur thermore all the three entities considered in Table 4 (ju, f.i° and DjT A) are in principle to be considered as differences between measurable quantities, which means that the relative errors become magnified. Thus, e. g. the calculated D/T A depend strongly on which compilation A is selected from. Thus using another source 38 for the activation energy Qa (Q.i/R T = d\n A /<5 In T), according to which Qa for LiN03 is 4.7% higher, d In (D+/TA) /ö ln T becomes 0.55, i.e. 31% higher. It is evident from considerations like these that the accuracy of the entities we discuss here is far less than indicated by the calculated standard deviations.
Although it is necessary to make reservations re garding the significance of parts of the interpreta tion, some conclusions can be drawn from the data of Table 4: 1. The ratio n = jLi°/jii is to be interpreted as the average number of cations that form a group in a single transition27. There are indications that n varies with the temperature, but this is surely not significant for lithium nitrate2' and barely so for lithium chloride. (See the interpretation below.) 2. Regarding the mass effect ,u, a temperature de pendence seems to be firmly established in seven cases, being positive in five and negative in twT o cording to the latest compilation27, and the equivalent conductivity data are according to J a n z 36 . a The temperature de pendence is less than the experimental accuracy.
cases, while the temperature has no significant in fluence on the /<+ of L iN 0 3 , Li2S 04 (pure solid salt as well as molten eutectic mixture with K 2S04) , RbBr and PbCl2 and the //_ of KC1 and R bB r39.
3. K l e m m has several times stressed that one should expect a correlation between the temperature dependences of the mass effect and D/T A 21, 40. This is established in six cases, in five of which it is cer tain, and in one very likely, that the mass effect has a more pronounced temperature dependence than D/T A has, while in the other four cases it is either clear or probable that instead D/T A changes more rapidly, and in these four cases it is even not sure that the two temperature coefficients have the same sign. 4 . If the discussion is restricted to the cation mass effects of the five lithium and potassium salts, it might be possible to estimate the importance of geometrical parameters. Of the polyatomic anions the nitrate ion is disk-shaped 41, while the sulfate ion has spherical symmetry. For both of these ions, there is probably not sufficient space for free rota tion 41, 42. (However, some authors prefer to use a nitrate ion radius that allows this 43,44.) This re quires cooperative motion for all transport processes where the anions are involved. This might be ex pected to favour a stronger coupling also of the cations, which should explain why the factor A of Eq. (9) and (10) tends to be lower for nitrates than for most halides. (For halides with divalent cations the ionic radius if found to be important for the mass effect 35, 46, and for a number of these salts it seems preferable to replace the numerator of Eq. (4) with 0.079.) It should then also be expected that the ratio n = /<°//< is higher for a nitrate than for a halide, cf. however Table 4 . Chem. Ser., in press. mains about the same for L iN 0 3 and Li2S04. (This interpretation is in agreement with the indication that d l n n /^l n r is negative for LiCl and close to zero for L iN 0 3 , see above.) This might mean that the coupling of cations is at least partly of a dif ferent nature in the two later lithium salts than in the other salts considered. The cause for this should be sought by considering geometrical parameters. The ones discussed above (spherical symmetry, free rotation) do not help us to explain why the tempe rature dependences are so different. It remains to consider the distance between two like ions and the size of the cation relative to that of the anion. The ratio of the radii, r + /r_, is much lower for LiCl than for the potassium salts but it is higher than for L iN 03 and Li2S 0 4 , and there is a possibility that there might be a critical limit for the radius ratio beyond which transport behaviour becomes ab normal, as several authors claim for lithium ni trate 43,44. Anion-anion contact is possible for all three lithium salts, but while for both L iN 0 3 and Li2S04 the voids are "too large" for the lithium ion 43, they are likely to fit well for LiCl. The impor tance of geometrical properties might become clearer if the temperature dependence of the mass effect is studied also for LiBr, N aN 03 and Na2S 0 4 .
6.
If, as suggested in the preceding paragraph, the ionic dimensions are of importance for the cou pling, it might be reason to expect that there is an exception for L iN 0 3 from the empirical rule that the factor A of Eq. (9) is approximately the same within a series of salts. This would explain why all attempts to correlate u + with m + for alkali nitrates showed the same tendency for L iN 0 3 , namely that the calculated mass effect becomes lower than the experimental one. In order to prove a possible anomaly for L iN 0 3 more measurements of mass effects for heavy alkali nitrates are required.
Summarizing, one finds that the studies done so far of the temperature dependence of mass effects allow some conclusions on cooperative ion transport in molten and solid electrolytes, and that it is de-
